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ABSTRACT 

The subject of indoor air quality is generating increasing concern in the public and 
political arena. In spite of its publicity it is still 1 a fairly technical 1 subject, the 
healith effects of which are poorly understood. A model is described which will; 
visually illustrate the indoor air quality in a specific situation', the parameters 
which affect it and how it compares with occupational health standards. Environmental 
tobacco smoke is evaluated as one point source which can a,ffect indoor air quality.. 


INTRODUCTION 

The subject of indoor air quality is one of continually increasing concern to the 
public. More and more information is available regarding the nature and types of 
chemicals found in indoor environments and people are demanding access to that 
information. Unfortunately the subject of indoor air quality is a fairly technical one 
and not well understood by those most affected by it. Terms such as parts per billion 
and micrograms per cubic meter often mean little if anything to the public. The 
toxicological implications of the chemicals measured at these concentrations are still 
open to debate among the experts and, as such, cannot be easily boiled ' 1 down into 
compact ideas for general consumption. 

In spite of, or perhaps because of, the problems in accurately disseminating this 
information in a non-technical manner, special interest groups have a tendency to take 
one small portion of the available information and create a series of "sound bite" 
releases of it to further their own cause. This does nothing: towards helping the 
public become more understanding of the causes or overall risks of indoor air 
pollution. On the contrary, it tends to foster either an unreasonable phobia or an 
equally unreasonable indifference to the situation. 

Because of the technical nature of the subject and the misconceptions that are being 
fostered at some levels, there is a definite need for visual aids which will simply, 
yet accurately, demonstrate indoor air quality as it exists in typical environments 
and the factors which can affect it. 

This paper describes a computer model which' will generate charts on which: 
concentrations of various chemicals typically found in indoor air are represented by 
a specific number of dots. It will allow people to view various levels of indoor air 
components in relation to each other and in relation to a recognized set of health 
standards, the OSHA Permissible Exposure Limits (PEL). The computer program is set up 
so that the various factors affecting these levels in indoor environments can be 
manipulated to show the effects of improving ventilation and/or removing individual 
point sources by simply changing the values entered into the program. 
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Literature data available on general indoor air quality and point sources which, have 
been'shown to affect it were used to test the model. The point source which, was chosen 
to test the model was environmental tobacco smoke (ETS). ETS is the only visible 
constituent of indoor air and it has a very distinctive odor. As a result, it is 
usually accused of being the major source of chemicals in the air. It has also become 
the subject of a considerable amount of controversy and research. This makes it an 
attractive point source for demonstration purposes. 

It is important to keep in mind that all of the data used to test the model were taken 
from existing studies on indoor air quality. The level of constituents used in the 
model and the percent assigned as being produced by ETS are only as accurate as the 
information available in the literature. More refined studies such as those by Oldaker 
(1) will 1 allow the model to predict more accurately the true relationship' between 
constituents dependent upon source strength, ventilation and filtration. 

CHART DEVELOPMENT 

The goal of this project is to be able to represent various levels of air quality 
visually so that they can be easily interpreted by non-technical persons. To do this, 
a computer model was developed which, would represent the concentrations of up to 
twenty five different components of indoor air with a given number of dots on a chart. 
It is important to be able to produce an accurate representation of these substances 
on the charts so that the person using them is given a relatively unbiased view of the 
constituents in a room and the concentrations produced by the individual source being 
evaluated. 

One of the important stages in producing an accurate chart is determining, what 
concentration of a component should be represented as a unit (one dot on the chart), 
the "unit concentration". Since the primary concern related to indoor air quality is 
that of health effects, the unit concentrations are based on OSHA’s Permissible 
Exposure Limits (PEL) using, their 8 hour Time Weighted Average (TWA) concentrations. 
OSHA, over the years, has attempted to regulate substances in the air in workplace 
environments at levels where, below which, they calculated that there was an 
insignificant chance for a health risk to the workforce. 

Our unit concentrations and dot calculations were developed as follows: 

1. The level at which OSHA regulates the individual component was divided by 
500. This number was chosen, because, using the concentrations of chemicals commonly 
found, in indoor environments, it produces a number of dots on the charts which are 
easily managed. (OSHA regulates carbon monoxide at 35 ppm. 35 ppm divided by 500 * 
0.07 ppm. The unit concentration for carbon monoxide is 0.07 ppm.) 

2. The concentration of the component is then divided by the "unit 
concentration", (e.g. Carbon monoxide levels ini indoor environments may be found to. 
be 3.0 ppm. 3.0 ppm divided by 0.07 ppm.- 42.8. Carbon monoxide would be represented, 
on the chart with 43 dots.) 

In using this procedure, the chemicals which are regulated by OSHA at lower levels 
would have a smaller unit concentration.. They would then be given more dots on the 
chart relative to those regulated by OSHA at a higher concentration. 

For example: Ammonia is regulated by OSHA at 50 ppm. Sulfur dioxide is regulated by. 
OSHA at 2 ppm. The unit concentration for ammonia would be 0.1 ppm. The unit 
concentration for sulfur dioxide would be 0.004 ppm. If both gases were present in a 
room at a concentration of 1 ppm, ammonia would be represented by 10 dots on the chart 
and sulfur dioxide would be represented by 250 dots on the chart. 


Thus, indoor air components are shown on the charts relative to their contribution to 
an established exposure limit and not just relative to their concentration in the room. 

Chart Descriptions : To effectively demonstrate indoor air components in a specific 
environment,, the effect of point source modifications, ventilation modifications and' 
a toxicological assessment of them, five different charts are created. 
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unari one snows a mixture of the chemical components chdsen to be modeled that are 
present in concentrations which add up to 100% of the OSHA PEL. OSHA regulates 
mixtures of chemicals by determining the concentration of a given chemical in the air 
and dividing that concentration into the PEL for that chemical. This produces a figure 
which represents the percentage of the PEL taken up by that chemical. This process is 
repeated for each of the individual components, generating percentage values for each 
component. These percentages are then added together. If the sum of the values is 
less than 1.0 (or 100%) then the PEL for the mixture has not been reached. If the 
total of the percentages is equal to 1.0 then the concentration of the mixture is at 
the PEL for that mixture. The first' chart is generated by performing these 
calculations and determining what concentrations of the chosen chemicals will combine 
to total 100% of the PEL for that mixture. Each of these calculated concentrations is 
then assigned a number of dots on the chart using the "unit concentration" for that 
chemical. 

Since the "unit concentration" for any given chemical is 1/500 of the OSHA PEL of that 
chemical, this mixture at the OSHA PEL has 500 dots on it. This first chart provides 
a visual representation of an environment which is believed by OSHA to provide no 
significant health risk if one is exposed to it 8 hrs/day, 5 days/week. This can 
provide the basis for a semi-quantitative comparison of any. given indoor environment 
with a mixture of the same substances that is at the OSHA PEL. 

Chart two shows a mixture of the same chosen indoor air components in concentrations 
at which they are measured in the environment being monitored. 

Chart three shows the result of simply removing the point source. To do this, two sets 
of values are used; the measured concentrations used for chart two and the calculated 
percentage of each component produced by the point source being monitored. Entering 
these two values into the computer model generates a chart which shows the effects of 
simply removing the point source. 

Chart four illustrates the effect of improved ventilation on the indoor air illustrated 
in chart two. 

The model that was used to predict the new indoor component concentrations that would 
be found with improved ventilation! is dependent upon three variables: A) the outdoor 
concentration of the component, B) the rate of the production of the component 
indoors and C) the ventilation of the building. 

A) The outdoor contribution of each component can be determined by measuring the 
same chosen components outside as well as inside of the building. 

B) The rate of production of the various components indoors is calculated using 
data known to apply to the source being evaluated or by using the following equation: 
S - A*V*(Cin - Cout). 

Where: S - Source Strength 

A - Current Ventilation Rate 
V « Room Volume 

Cin and Cout « Indoor and outdoor 
concentration of the chemical. 

C) The ventilation rate is the desired improved rate. 

The following formula from Wadden and Scheff (2) was used to model the effects of 
ventilation rates on indoor air concentrations: 

Ci»(C[iil£NEiICol)+Sil[l-2.7183’ ICCM1f>T ]+.(Cs(2.7183* lt<a * 01,,T ]: 

KCQ+QIF) 

Where Ci » The new indoor concentration. 

Co » The outdoor contribution to the indoor cone. 

Cs « The starting indoor concentration. 

Q - The make-up ventilation rate in air changes per hour (ach). 

Q1 - The recirculation ventilation rate in ach. 

S - The net source emission rate. 
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T - Tihe time at the new vent i 1 at ion rate. 

K - Mixing factor. 

F - Filter efficiency. 

Entering the value for these variables into the computer model generates a chart 
representing the chosen components in the concentrations they would have at that 
ventilation: rate. 

Chart five will calculate the effect of removing the point source and improving 
ventilation!. It combines the calculations used to generate charts 3 and ; 4 to generate 
a new chart with both modifications in place. 


MODEL TEST USING LITERATURE DATA 

Tio test this model the available literature on indoor air quality and ETiS was reviewed. 
Though the program will evaluate up to twenty five different components, thirteen 
components which are commonly found in indoor air were chosen to be evaluated. These 
components were chosen because they are commonly found in indoor environments and there 
is a substantial amount of literature available pertaining to them. Levels of these 
components which had been measured' in indoor environments, and the percentage of the 
chemicals believed to be produced by ETS were recorded. Table 1 shows the results of 
this 1 iterature searchi. 


TABLE 1: INDOOR AIR CONSTITUENTS: 

CONCENTRATION RANGES 

FROM THE 

LITERATURE 

COMPONENT 

RANGE CITED 

CITATION FOR % 

INDOOR ATR 

FROM 

ETS 

CITATION FOR 
% FROM ETS 

Carbon Monoxide 

NO - 242 pptn 

3, 4, 5, 6, 7 

8. 9. 10. 11 

15% 

9, 10 

Ammonia 

5 DDm 

12 

3% 

5 

Formaldehyde 

0.02 - 3.5 com 

8. 12. 13. 14. 15. 

5% 

7, 16 

Ozone 

0.03 - 0.23 oom 

17 

0% 


Oxides of Nitrogen 

NO - 800 ug/m3 

5, 7, 8, 11 

12. 13. 14. 18 

12% 

7, 11, 18 

RSP 

0 1 - 1,088 ug/m3 

1, 5, 7, 9, 

10. 11. 13. 14. 

50% 

19 

A1kanes 

34 - 327 uq/m3 

20 

5% 

21 

Chlor. Hyd. Car. 

2.5 - 43 uo/m3 

19. 20. 21 

0% 


8enzene 

NO - 109 uo/m3 

4. 7. 11. 14. 21 

35% 

21 

Sul fur Dioxide 

ND - 0.17' DDm 

8. 13 

20% 

22. 11 

Nicotine 

ND'- 112.4 ug/m3 

I, 3, 7, 9, 10, 

II, 22, 23, 24, 

25. 26. 27 

100% 

5 

BenzofalPyrene 

0.25 - 23.4 no/m3 

7. 11. 14 

5% 

7. 11 

BioTogicals 

500 - 1,000 cfu/m3 

14 

0% 



The second part of this project involved the estimation of a typical concentration for 
each chemical. This was, by necessity, a very subjective task. The concentrations of 
a given 1 component documented in indoor environments often vary by more than an 1 order 
of magnitude. In some of the studies, concentrations measured in rooms with the point 
source (ETS) present showed lower levels of constituents than rooms with the source 
absent. It was necessary, though, to be able to assign specific values based on the 
current literature that may be expected to be found in typical indoor environments. 
To assist with the selection process, the following assumptions were built into the 
process: 

1. The ventilation in the building (make up air) is less than 5 cfm/person. 

2. The building is relatively new. Hence it is a "tight" building and the 
furnishings and building materials are still emitting some of the compounds used : in 
their manufacture. 

3. Approximately 20% of the people in the building are smokers. 

4. Smokers are estimated to smoke one cigarette/hr/smoker. 

5. Occupancy of the building is assumed to average 1 person/150 sq.ft. 
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6.. The ceilings in the building are 8 ft. high. 

7. The building is in an urban setting. Automotive exhaust fumes and ozone are 
significant sources of chemicals in the outdoor air. 

The results of these value assignments are shown in table 2. 


TABLE 2: TYPICAL INDOOR AIR COMPONENTS 


COMPONENT 


Carbon Monoxide 
Ammonia 
Formaldehyde 
Ozone 

Oxides of Nitrogen 
RSP 

Alkanes 

ChTor. Hyd. Car. 
Benzene 

Sulfur Dioxide 
Nicotine 
Benzo(a)Pyrene 
8iologicals 


TYPICAL 

CONCENTRATION ' 

3.5 mg/m3 (3 ppm) 
2.0 mg/m3 (3 ppm) 
600 ug/m3 (300 ppb) 
40 1 ug/m3 (20 ppb) 
100 ug/m3 (85 ppb) 
80 ug/m3 

50 ug/m3 (17 ppb) 
30 ug/m3 (5.5 ppb) 
15 ug/m3 (5 ppb) 

15 ug/m3 (6 ppb) 

8 ug/m3 (1.2 ppb) 
4 ng/m3 (0.36 ppt) 
500 cfu/m3 


CONCENTRATION 
LESS ETS 

3.0 mg/m3 (2.6 ppm) 
1.94 mg/m3 (2.9 ppm) 
570 ug/m3 (214 ppb) 
40 ug/m3 (20 ppb) 

88 ug/m3 (75 ppb) 

40 ug/m3 

47.5 ug/m3 (16 ppb) 
30 ug/m3 (5.5 ppb) 

9.8 ug/m3 (3.25 ppb) 
12 ug/m3 (4.8 ppb) 
0.0 ug/m3 (0.0 ppb) 

3.8 ng/m3 (0.34 ppt) 
500 cfu/m3 


The OSHA PEL for each of the thirteen components chosen was needed to determine the 
’unit concentration" for each component. Table 3 shows the OSHA PEL for each of the 
thirteen components chosen to test the model (28). Some of the components did not 
have a specific PEL associated with them. 


TABLE 3: OSHA PERMISSIBLE EXPOSURE LIMITS 
Component OSHA 


m. 


Carbon Monoxide 

35 ppm 

AmmonLa 

50 ppm 

Formaldehyde 

3.0 ppm 

Ozone 

0.1 ppm 

Oxides of Nitrogen* 

5.0 ppm 

RSP 

5 mg/m3 

Alkanes* 

50 ppm 

ChTor. Hyd. Car.* 

10 ppm 

Benzene 

1 ppm 

Sulfur Dioxide 

2 ppm 

Nicotine 

0.07 ppm 

Benzo(a)Pyrene 

0.02 ppm 

Biologicals 

50 cfu/m3 


♦These components are mixtures of chemicals. 

A value for the PEL was chosen which is 
believed to be a conservative representation 
of the components of that mixture. 

Since biologicals are not regulated, a value 
was chosen which allowed that component to be 
represented at a level similar to the rest. 


The outdoor contribution of each component is given in Table 4. These values were 
estimated from papers by Sterling (8) and Yocum (17). These papers listed various 
constituents commonly measured in indoor environments and the relative contribution 
of outdoor and indoor sources of each. They are also based on the assumption, that the 
indoor source is in an urban area where automotive exhaust and ozone are significant 
sources of chemicals. 
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TABLE 4: 


PERCENTAGE OF INDOOR AIR CONSTITUENTS PRODUCED FROM OUTDOOR SOURCES 
Comoonent X From Outdoor Sources 

Carbon: Monoxide 

60% 

Ammonia 

ox 

Formaldehyde 

0% 

Ozone 

IOOX 

NOx 

2 OX 

RSP 

25X 

A1kanes 

60X 

Chlor. H.C. 

30X 

Benzene 

5 OX 

S02 

6 OX 

Nicotine 

OX 

BaP 

8 OX 

Biologicals 

6 OX 


The rate of production of the various components was calculated using the following: 
steps. 

1. The production of various components found in ETS (in ug/cigarette): was 
calculated using the steps and assumptions outlined below. 

A. The Mainstream Smoke (MS) Quantities and SS/MS Ratios were taken from 
the tables in the Surgeon General’s and NAS reports on ETS. 

B. The SS Qty./tigaretta was determined by calculating the value that is 
1/3 the way between the min. and max. value of each category. This is an estimate of 
the mean value based om Oldaker (!) who states that individual values tend to be 
distributed log-normally throughout the range. 

C. These "average" MS quantities and "average" SS/MS ratios were then 
multiplied together to provide "average" quantities of each component generated in the 
SS portion of the cigarette smoke. 

Q. * Indicates components for which no figures are cited in the NAS or 
Surgeon General’s reports or for which direct measurements exist in other publications. 

E. RSP values are calculated as the midpoint between the figure of 26 
mg/cigarette cited in the NAS report for calculating RSP concentrations based' on the 
number of cigarettes smoked in a room and a measurement of 10 mg/cigarette particulate 
production in SS by lofroth (5). 

F. Formaldehyde values are from a paper by Godish (16) which assessed the 
contribution of ETS to formaldehyde concentrations in indoor air. 

These values can be seen in Table 5. 


TABLE 5: SIDESTREAM (SS): PRODUCTION QUANTITIES FROM CIGARETTE SMOKE 


Carbon Monoxide 

10000 

23000 

Ammonia 

50 

130' 

Formaldehyde. 

# 

* 

Ozone 

0 

0 

NOx 

100 

600 

RSP. 

* 

* 

Alkanes 

* 

* 

Chlor. H.C. 

0 

0 

Benzene 

12 

48 

S02 

* 

* 

Nicotine 

1000' 

2500 

BaP 

20(ng) 

40(ng) 

Biologicals 

0 

0 


0 0 


4 

10 

1600 

* 

* 

18000 

★ 

★ 


0 

0 

0 

5 

10 

160 

* 

* 


2.6 

3.5 

4250 

2 - 5(ng) 
O' 

3.5(ng) 

75.5(ng) 

0 

0 


Component MS Qty. (ug) SS/MS Ratio SS Qty./cigarette 

_ Min. Max. Min. Max. _[uo]_ 

2.5 4.7 46344 

40 170 6389 

* * 740' 

0 
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2. These were combined with: the occupancy, room size and smoking rate 
assumptions to generate point source strengths in ug/m3/hr or ppb/hr. as is shown in 
Table 6 using the following information. 

A. At an assumed density of 1 person/150 ft2 and 8 ft. ceiling there will 
be 1 person/1200 ft3. 

B. If 20% of the people are smokers there will be 1 smoker/6000 1 ft3. 

C. At 35.32 f13/1 m3 there will be 1 smoker/170 m3. 

D. If smokers smoke 1 cigarette/hr then the quantity of a given component 
produced by one cigarette will be released into 170 M3 of voliume every hour. Thus, 1 
cigarettes qty/170 » ug/m3/hr of production of that component. 

E. * Alkane and sulfur dioxide source strengths are simply estimates based 
on the values used to generate charts 1 & 2. 

F. Literature sources indicate that some components of ETS are accumulated 

in a room at much lower rates than would be calculated from the sidestream generation 
rates. This is due to oxidation reactions, evaporation and deposition to various 
surfaces in the room. These "sinks" cause the removal of these components which is 
independent of ventilation. Based on the figures cited in Baker et aT. (29) the 
following factors were used to determine net source strengths (production rate minus 
removal by sinks) of the following components: A) Oxides of Nitrogen, Source strength 
X 0.8 « Net Source Strength; B) RSP, Source strength X 0.4 - Net Source Strength; 

C) Alkanes, Source strength X 0.8 * Net Source Strength; D) Nicotine, Source strength 
X 0.5 - Net Source Strength:. 


TABLE 6: SOURCE STRENGTHS FOR VARIOUS COMPONENTS OF ETS 


Component 

Source Strength 
(ua/m3/hrl (ppb/hr) 

Net Source Strength 
(ppb/hr) 

Carbon Monoxide 

272 

234 


Ammonia 

38' 

54 


Formaldehyde 

4.4 

2.8 


Ozone 

0 

0 


Oxides of Nitrogen 

9.4 

8 

6.4 

RSP 

105 


42.4 (ug/m3): 

Alkanes 

* 

0.5 

0.4 

Chlor. Hydl Car. 

0 

0 


Benzene 

0.9 

0.3 


Sulfur Dioxide 

★ 

1.0' 


Nicotine 

25' 

3.8 

1.9 

Benzo(a):Pyrene 

0.44(ng) 

0.04 (ppt/hr) 

Biologicals 

0 

0 



Though it is assumed that there are other indoor sources for the components, the 
production rate is calculated to be from' the smokers only. 

To show the result of removing the point source (ETS), we used two sets of values; the 
typical concentrations used in table two and the calculated percentage of each 
component produced by ETS depicted in table 1. Entering these two values into the 
computer model! generates a chart which shows the effects of simply removing the point 
source, in this case, removing environmental tobacco smoke. 

To illustrate the effect of improved ventilation on the indoor air illustrated in chart 
two improved ventilation rates needed to be assigned. Tihe ventilation rate was 
increased to 20 cfm/person, the rate recommended by the American Society of Heating, 
Refrigeration and Air Conditioning Engineers (ASHRAE). With the assumptions of 1 
person/150 ft2 and 8 ft. ceilings this is the equivalent of 1 air exchange/hr (I ach). 
The mixing factor and time at ventilation were assigned values of 1.0 and 24 hours, 
respectively. 

The purpose of this overall exercise was to generate visual representations of indoor 
air with and without a specific point source (in this case, ETS) and with and without 
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improved ventilation/filtration., This is made possible once one determines: 

a. The typical concentrations of the components to be evaluated. 

b. The point source of concern. 

c. The rate of production of the components in an indoor environment. 

d. The percentage of each component produced from outside sources. 

e. Desired ventilation parameters. 

It was also possible to compare these levels of indoor air quality with a similar 

indoor environment that would be the maximum acceptable concentration of components 

allowed by OSHA. The results of this can be seen in charts 1 - 5. 



« ♦ •: #• * 



CHART <1 

INDOOR AIK CONSTITUENTS AT THE OSKA PEL 




CHART 12 

TYPICAL INDOOR AIR WITH SMOKING ALLOW 



CHART tZ 

TYPICAL INDOOR AIK WITH HO SHOKIHC 
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CONCLUSION 

The Visual Indoor Air computer modeling program will produce dot charts which allow for 
easy comparison of indoor air quality parameters. It is set up so that if actual 
measurements of a specific situation are available these values can be entered into the 
program to model a real life situation. In the absence of these measurements, values 
obtained from literature sources can be readily used to model hypothetical; situations. 
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ERRATUM 


Pedelty, J.F. and Holcomb, L.C. 1990. Env. Technol. 11 .1053 - 1062 ♦ 

The equation: 

Ci= Krfon-F^ £Co11±SJl1 [1-2.7183* K<0+Q1F)T ] + [Cs (2.7183' kc °* 01f>t ]i 
K(Q+Q1F) 

on page 1055 should be changed to read: 

Ci^ TKfiCn fl-F^ fCon+S n-2.718 3'» Q * Qlf > T H- [Cs (2. 7183 ' lt<0+Q1F)T ) ] 

K(Q+Q1F). 

This is a typographical change in the text only. The results based on 
the model are not affected. 
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